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Summary

The role of secretory IgM in protecting kidney tissue from immune complex
glomerulonephritis induced by 4 mg horse spleen apoferritin and 0·05 mg
lipopolysaccharide has been investigated in mutant mice in which B cells do
not secrete IgM, but are capable of expressing surface IgM and IgD and
secreting other Ig isotypes. Glomerular size, number of glomeruli per cross-
section, glomerular cellularity and urine content of protein and creatinine was
comparable in treated secreted IgM (sIgM)-deficient and wild-type mice.
Assessment of urinary proteins by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis showed a 30 kDa low molecular weight protein in treated
sIgM-deficient animals only, reflecting dysfunction of proximal tubules. A
shift of bound C3 from glomeruli to the tubulo-interstitial compartment in
sIgM-deficient mice also suggests tubulo-interstitial damage. In contrast, local
C3 synthesis within the kidney tissue did not differ between the two treated
groups. Apoptosis physiologically present to maintain kidney cell homeostasis
was increased slightly in treated wild-type mice. These results indicate that
secretory IgM can protect the tubulo-interstitial compartment from immune
complex-induced damage without having an effect on the glomerulus.
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Introduction

The innate immune system employs a number of soluble
proteins and cell-surface receptors that provide a first line of
defence against microbial infection, and in addition has an
instructive role on the acquired immune response [1].
Therefore, different components of the innate immune
system can play a harmful as well as a beneficial role in renal
disease. The formation of immune complexes comprising
antigen, antibodies and complement proteins contributes to
the clearance of antigen from the circulation, which prevents
antigen spreading and subsequent damage of the kidney
[2,3]. Immune complex (IC) formation and deposition is
associated with a variety of immune-mediated renal dis-
eases, such as membranoproliferative glomerulonephritis
(GN), IgA nephropathy and lupus nephritis, but was also
found in ischaemia reperfusion injury and during allograft
rejection response of kidney transplants [4–11]. In different
renal diseases the localization of ICs in the kidney, either by
deposition of circulating ICs or by in situ formation, varies.
Furthermore, the location of IC deposition within the
glomerulus and the subsequent complement activation can

determine the type of injury that occurs. The injurious or
protective effect of certain complement components in the
pathogenesis of proliferative IC–GN has been described in
different complement-deficient mouse strains treated with
lipopolysaccharide (LPS) and horse spleen apoferritin
(HSA). These results showed that complement components
C3 and C5, when induced locally, contributed to interstitial
injury more than to glomerular lesions, while constitutively
expressed local C4 was protective [12–14]. Kidney tissue is
particularly vulnerable to complement-mediated damage
due to the low expression of complement regulatory proteins
on glomerular and tubular cells [15]. Complement regula-
tory protein Crry (complement receptor 1-related gene/
protein y), a membrane-bound C3 convertase inhibitor, can
protect from C3 deposition and renal impairment in differ-
ent experimental models of nephritis [16]. In contrast to
complement, the role that natural and inducible IgM plays in
the pathophysiology of progressive IC–GN is not entirely
clear. IgM, through its pentameric structure, can bind to
several antigenic determinants per molecule, and due to its
polyreactivity bind to several antigens simultaneously [2].
IgM pentamers can trigger the classical pathway of
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complement activation which results directly in the activa-
tion of the central complement component C3, in the lysis of
invading bacteria due to activation of the membrane attack
complex (MAC) and in the opsonization of infectious par-
ticles for efficient phagocytosis by macrophages and poly-
morphonuclear leucocytes [3–5]. In addition, IgM can either
bind LPS directly or on whole Gram-negative bacterial
cells [17,18]. To extend our understanding of the role of
IgM in IC–GN, we administered LPS and HSA to mice defi-
cient in secretion of IgM but capable of expressing surface
IgM and IgD and secreting other classes of immunoglobu-
lins, and investigated glomerular and tubulo-interstitial
tissue damage, local C3 synthesis, C3 deposition and
apoptosis.

Materials and methods

Animals and experimental protocol

Mice deficient in secreted IgM (sIgM-deficient) on a mixed
129SvJ and C57BL/6 background were housed in specific
pathogen-free facilities and experiments were performed
according to institutional guidelines for animal use and
care (GZ 66·009/74-Pr/4/2000, GZ 66·009/87-Pr/4/2002)
[19]. IC–GN was induced in 8–12-week-old female sIgM-
deficient (n = 11) and wild-type littermates (n = 10) with a
body weight of 25–30 g by intraperitoneal injection of
0·05 mg LPS (from Escherichia coli, serotype O55:B5; Sigma,
St Louis, MO, USA) three times a week and with 4 mg HSA
(Sigma) five times a week for a total of 6 weeks [20]. At the
end of the experiments, mice were housed in metabolic cages
for 24 h for urine sample collection. Urine protein and crea-
tinine levels were measured on an Olympus AU 5400 analy-
ser (Olympus Diagnostica, Hamburg, Germany) and
assessment of small molecular weight proteins in the urine
was performed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) [21].

Histological analysis, immunohistochemistry and
confocal laser scanning microscopy

Renal tissue was fixed in paraformaldehyde and 4 mm paraf-
fin sections were stained with haematoxylin and eosin
(H&E), periodic acid Schiff (PAS), Masson’s Trichrome and
methinamine silver. Glomerular cellularity and glomerular
size were assessed in areas of 20 equatorially sectioned glom-
eruli; the renal area and the number of glomeruli were
counted in ten 1 mm2 fields selected at random on PAS-
stained paraffin sections. Morphometric analysis was
performed by two investigators independently [22]. For
immunohistochemistry and immunofluorescence, renal
tissue was embedded in optimal cutting temperature (OCT)
compound (Tissue-Tek, Tokyo, Japan), snap-frozen in liquid
nitrogen and stored at -80°C. Acetone fixed tissue sections
(4 mm) were incubated with biotinylated rat anti-mouse

C3 monoclonal antibody (mAb) (0·25 mg/ml; Connex, Mar-
tinsted, Germany), with biotinylated hamster anti-mouse
FasL (1 mg/ml; Pharmingen, San Jose, CA, USA) and with
fluorescein isothiocyanate (FITC)-conjugated alpha smooth
muscle actin (aSMA, 1 mg/ml; Sigma) in Tris-buffered saline
(TBS)/1% bovine serum albumin (BSA) overnight at 4°C.
Binding of biotinylated antibodies was detected using
peroxidase-conjugated streptavidin (extravidin POD, 20 mg/
ml; Sigma) and the FITC antibody was detected using horse-
radish peroxidase (HRP)-conjugated anti-FITC antibody
(1·5 U/ml; Roche, Penzberg, Germany). The sections were
exposed to 3-amino-9-ethylcarbazole (AEC; Sigma) and
counterstained with Mayer’s haemalum. For two-colour
immunohistochemistry renal tissue was incubated with a
biotinylated rat anti-mouse C3 mAb (0·25 mg/ml; Connex),
with FITC-conjugated rat anti-mouse CD11b mAb (1 mg/
ml; Serotec, Oxford, UK), or alternatively with HRP-labelled
peanut agglutinin (PNA, 8 mg/ml; Axell, Westbury, NY, USA)
overnight at 4°C. Bound C3 mAb was detected by incubation
with extravidin–alkaline phosphatase (AP, 3 mg/ml; Sigma)
and by subsequent exposure to Fast Blue (Sigma), CD11b
mAb by an HRP-conjugated anti-FITC antibody (1·5 U/ml;
Roche) and AEC precipitation. Endogenous peroxidase was
blocked by adding D-glucose and glucose oxidase type VII.
To assess renal IgG, IgM and C3 IC deposits by immuno-
fluorescence and confocal laser scanning microscopy, FITC-
conjugated rat anti-mouse IgM (5 mg/ml; Pharmingen),
purified goat anti-mouse C3 (4 mg/ml; Cappel, Aurora, CA,
USA) and biotin-conjugated horse anti-mouse IgG (H + L)
antibody (1 mg/ml; Vector, Burlingame, CA, USA) were
diluted in TBS/1% BSA and applied overnight at 4°C. Detec-
tion was performed with tetra-methylrhodamine isothiocy-
anate (TRITC)-conjugated rabbit anti-goat IgG F(ab′)2

(1·4 mg/ml; Jackson Immunoresearch, West Grove, PA,
USA) and streptavidin Cy5-conjugate (2 mg/ml; Jackson
Immunoresearch). Pro-apoptotic molecules were traced by
incubation with purified rabbit anti-mouse active caspase 3
antibody (5 mg/ml; Pharmingen), followed by goat anti-
rabbit Alexa Fluor 488 and phycoerythrin (PE)-conjugated
hamster anti-mouse Fas (2 mg/ml; Pharmingen). Serial
dilutions of each primary and secondary antibody were
performed to minimize non-specific binding, to ensure
separation of fluorescent signals and to optimize fluoro-
phore concentration to preclude self-quenching. Sections
were analysed with a confocal laser scanning microscope
(LSM 510; Zeiss, Oberkochen, Germany) with multi-photon
laser (argon laser: 488 nm for FITC and Alexa Fluor 488,
HeNe1: 543 nm for TRITC and PE, HeNe2: 633 nm for Cy5)
and a 63¥ Zeiss Plan–Apochromat differential interface con-
trast oil immersion objective.

Assessment of apoptotic DNA fragmentation

To detect apoptotic DNA fragmentation, frozen tissue sec-
tions were stained using the ApopTag in situ apoptosis
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detection kit (Chemicon, Temecula, CA, USA) modified by
the use of a biotin-conjugated anti-digoxigenin antibody
(1:1000; Sigma), extravidin AP-conjugate (1:400; Sigma)
and subsequent exposure to Fast Blue (Sigma). The total
number of apoptotic cells per renal cross-section was
assessed by morphometric analysis and displayed as apop-
totic cells/mm2.

Reverse transcription–polymerase chain reaction
(RT–PCR) and fluorogenic real-time RT–PCR

Total RNA was isolated from snap-frozen renal tissue
samples using the TRIzol reagent (Life Technologies, Gaith-
ersburg, MD, USA) and contaminating DNA was removed
by DNase I treatment using a DNA-free kit (Ambion, Austin,
TX, USA) as described previously [23]. Total RNA was quan-
tified by spectrophotometry at 260 nm and equal amounts
(3 mg) of total RNA were used for first-strand cDNA synthe-
sis (SuperScript first-strand synthesis system; Invitrogen,
Carlsbad, CA, USA). Equal amounts of cDNA were amplified
in a gradient thermocycler (Hybaid, PCR Express, Ashford,
UK) employing Taq DNA polymerase (Life Technologies)
and oligonucleotide primer pairs specific for murine
hypoxanthine-quanine phosphoribosyltransferase (HPRT)
(sense 5′-CACAGGACTAGAACAACCTGC-3′ and anti-
sense 5′-GCTGGTGAAAAGGACCTCT-3′; product length
249 kb) and murine C3 (sense 5′-GGCTGACTCTGTGTG
GGT-3′ and anti-sense 5′-GCACGTGGTCTCTTCTGT-3′;
product length 706 kb). The PCR amplification profile
involved 35 cycles of denaturation at 94°C for 20 s, primer
annealing at primer-specific temperatures (59°C for HPRT;
58°C for C3) for 30 s and primer extension at 72°C for 45 s,
with a final extension step at 72°C for 10 min. Ten ml PCR-
generated products were resolved by electrophoresis on 2%
agarose gels, exposed to ultraviolet light using the EpiChemi
II Darkroom (UVP, Upland, CA, USA) and photographed
with a Camedia C-3040 digital camera (Olympus, Tokyo,
Japan). For fluorogenic real-time RT–PCR the concentration
of cDNA of all samples was determined with the OliGreen
ssDNA quantification kit (Molecular Probes, Eugene, OR,
USA), equal amounts (16 ng) of cDNA were amplified in an
ABI Prism 7700 sequence detection system (Applied Biosys-
tems, Foster City, CA, USA) using the Platinum Quantitative
SuperMix-UDG (Invitrogen) and oligonucleotide LUX
primer pairs specific for murine glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (6-carboxy-4′,5′dichloro-2′,7′
dimethoxy-fluorescein [JOE]-labelled sense 5′-CACCAT
CCCTGCATCCACTGG6G-3′, anti-sense 5′-CCAGTGAG
CTTCCCGTTCAG-3′) and for murine C3 (6-carboxy fluo-
rescein [FAM]-labelled sense 5′-GAACTTAGGGCAACGC
AAG5TC-3′; anti-sense 5′-TCGAGCTTCAGGGCGTTTC-
3′). The amplification protocol employed incubation at 50°C
for 2 min, 95°C for 2 min and 40 cycles of denaturation at
95°C for 15 s, annealing at 55°C for 30 s and extension at
72°C for 15 s. The threshold was set at a fluorescence inten-

sity of 0·03. Fluorescence was monitored during every PCR
cycle at the annealing and extension steps. Efficiency-
corrected relative quantification was performed by the 2–DDCT

method.

Statistical analysis

Differences in glomerular cellularity and number of apop-
totic cells detected by morphometric analysis between sIgM-
deficient and wild-type mice were calculated using the
Mann–Whitney U-test (SPSS GmbH Software, Munich,
Germany). Results are shown as mean � standard deviation
(s.d.). Quantitative PCR data were compared by non-
parametric analysis using the Mann–Whitney U-test;
P-values < 0·05 were considered statistically significant.

Results

Bound C3 is shifted from the glomerulus to the
tubulo-interstitial compartment in LPS/HSA-treated
sIgM-deficient mice

To develop an IC–GN, sIgM-deficient and wild-type litter-
mates were injected intraperitoneally with 0·05 mg LPS three
times a week and 4 mg HSA five times weekly for a total of
6 weeks, and early signs of mesangial and endocapillary pro-
liferation were detected by histochemical analysis (Fig. 1).
The size of glomeruli (LPS/HSA-treated sIgM-deficient
mice 1·69 � 0·11 mm2, LPS/HSA-treated wild-type mice
1·79 � 0·18 mm2), the number of glomeruli per renal cross-
section (LPS/HSA-treated sIgM-deficient mice 240 � 36
glomeruli, LPS/HSA-treated wild-type mice 211 � 83 glom-
eruli) and glomerular cellularity (LPS/HSA-treated sIgM-
deficient mice 59·3 � 4·2 cells/glomerular cross-section
(gcs); LPS/HSA-treated wild-type mice 58·4 � 5·9 cells/gcs)
after 6 weeks was equivalent in both treated groups as deter-
mined by morphometric analysis and did not differ from
the untreated groups (glomerular size: sIgM-deficient mice
1·29 � 0·16 mm2; wild-type mice 1·45 � 0·15 mm2; number
of glomeruli per cross-section: sIgM-deficient mice
177 � 26; wild-type mice 151 � 18, glomerular cellularity:
sIgM-deficient mice 52·7 � 1·9 cells/gcs; wild-type mice
61·8 � 5·4 cells/gcs). Immunohistochemistry assessing the
distribution of C3 protein revealed distinct staining patterns
in sIgM-deficient and wild-type mice (Fig. 2a–f). Whereas
strong mesangial and weak tubulo-interstitial C3 staining was
found in LPS/HSA-treated wild-type mice (Figs 2a,c,e and
3a,b), LPS/HSA-treated sIgM-deficient mice showed, in addi-
tion to mesangial C3 deposits, strong staining of Bowman’s
capsule and tubular basement membrane (Figs 2b,d,f and
3e,f). Double-immunolabelling with mC3 mAb and PNA, a
lectin that binds to structures in the lumen of distal tubules,
showed that C3 bound preferentially to the basement mem-
brane of proximal tubules in LPS/HSA-treated sIgM-
deficient mice (Fig. 2d). In contrast, unmanipulated mice of
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either genotype showed faint tubular C3 staining, and slight
discontinuous C3 staining of the Bowman’s capsule (data not
shown) [24]. An insignificant increase of infiltrating CD11b+

macrophages was found in LPS/HSA-treated sIgM-deficient
mice (68·5 � 25·09 CD11b+ macrophages/mm2) compared

to LPS/HSA-treated wild-type mice (43·96 � 13·01 CD11b+

macrophages/mm2). No difference in the number of CD11b+

macrophages located within the glomerular area was
observed in the two LPS/HSA-treated experimental groups
(sIgM-deficient mice 35·31 � 14·77 CD11b+ macrophages/

Fig. 1. Histochemical analysis of kidney

sections from lipopolysaccharide/horse spleen

apoferritin (LPS/HSA)-treated sIgM-deficient

and wild-type animals. Secreted IgM

(sIgM)-deficient and wild-type mice were

treated with intraperitoneal injection of

0·05 mg LPS three times a week and 4 mg HSA

five times a week. After 6 weeks renal tissue was

fixed in paraformaldehyde and 4 mm paraffin

sections were stained with haematoxylin and

eosin (H&E), Masson’s Trichrome (MT),

periodic acid Schiff (PAS) and methinamine

silver (Silver) according to standard protocols.

Ongoing mesangial and endocapillary

hypercellularity occurs in both experimental

groups alike and is indicated by arrows.

Magnification ¥ 250.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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mm2, wild-type mice 26·72 � 10·29 CD11b+ macrophages/
mm2), while more infiltrating CD11b+ macrophages were
found in the periglomerular area of LPS/HSA-treated sIgM-
deficient mice (sIgM-deficient mice 30·66 � 12·39 CD11b+

macrophages/mm2, wild-type mice 17·24 � 4·96 CD11b+

macrophages/mm2) (Fig. 2e,f). No signs of interstitial fibrosis
due to myofibroblast transition identified by aSMA staining
could be found in LPS/HSA-treated sIgM-deficient or wild-
type mice; aSMA was detected exclusively on pericytes in
vessel walls (Fig. 2g,h). Co-localization studies of C3, IgM
and IgG by confocal laser scanning microscopy supported the
observations found by immunohistochemistry. A granular
mesangial staining pattern for C3 and faint staining of the
Bowman’s capsule and the tubular basement membrane was
found in LPS/HSA-treated wild-type mice (Fig. 3a,b) that

co-localized with IgM and IgG staining (Fig. 3a–d). Interest-
ingly, fluorescence intensity appeared to be higher for IgM
than for IgG. In LPS/HSA-treated sIgM-deficient mice, C3
was located along the Bowman’s capsule and the tubular
basement membrane with only focal mesangial staining
(Fig. 3e,f,h). Trace diffuse mesangial IgG staining, but no
tubular deposits of IgG were found in the absence of IgM
(Fig. 3d,h).

Increased levels of low molecular weight protein in
LPS/HSA-treated sIgM-deficient mice

Biochemical analysis of 24-h urine samples collected at the
end of the experiment revealed an increase in protein (sIgM-
deficient mice: 0·85 g/l, wild-type mice: 1·19 g/l) and creati-

Fig. 2. Immunohistochemical determination of

C3 deposits on proximal tubules and CD11b

expression on macrophages in kidney sections

of lipopolysaccharide/horse spleen apoferritin

(LPS/HSA)-treated secreted IgM

(sIgM)-deficient and wild-type littermates.

Only mesangial deposits of C3 (red) were found

in treated wild-type mice (a), while C3 also

bound to the Bowman’s capsule and to

proximal tubules in treated sIgM-deficient mice

(b). C3 (blue) does not bind to distal tubules of

LPS/HSA-treated sIgM-deficient (d) and

wild-type mice (c) stained with PNA (red).

Infiltrating CD11b+ macrophages (red) were

found scattered intra- and periglomerular in

LPS/HSA-treated wild-type mice (e) and more

in the interstitial compartment in

LPS/HSA-treated sIgM-deficient (f); sections

were counterstained with C3 (blue). No signs of

myofibroblast transformation indicated by

alpha smooth muscle actin binding was

observed (g, h). Glomerular FasL (red)

expression was found to be stronger in

LPS/HSA-treated wild-type mice (i) than in

treated sIgM-deficient mice (j).

Magnification ¥ 250.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)
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nine (sIgM-deficient mice: 44·0 mg/dl, wild-type mice:
38·5 mg/dl) in LPS/HSA-treated sIgM-deficient and wild-
type mice compared to untreated controls (protein < 0·1 g/l,
creatinine < 25·0 mg/dl). Assessment of urinary proteins by

SDS-PAGE in 24-h urine samples resulted in detection of a
30-kDa low molecular weight protein in LPS/HSA-treated
sIgM-deficient mice only (Fig. 4a), reflecting dysfunction of
the proximal renal tubules [25,26].

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

Fig. 3. Deposition of C3, IgM and IgG in renal tissue of lipopolysaccharide/horse spleen apoferritin (LPS/HSA)-treated sIgM-deficient and

wild-type littermates detected by confocal laser scanning microscopy. Mesangial deposits of C3 (red), IgM (green) and IgG (blue) were found in

treated wild-type mice (a–d). C3 (red) was found along the basement membrane of tubules and Bowman’s capsule (e, f) with little mesangial

staining in treated secreted IgM (sIgM)-deficient mice, while trace amounts of IgG (blue) could be observed on the mesangium (h). Strong caspase

3 (i, k) and only trace Fas (i, j) expression in glomeruli of treated wild-type mice, while no caspase 3 (l, n) or Fas (l, m) could be found in glomeruli

of treated sIgM-deficient mice. Magnification ¥ 630.
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Comparable levels of C3 mRNA in kidney tissue
of LPS/HSA-treated sIgM-deficient and
wild-type littermates

When C3-specific RT–PCR was performed with cDNA gen-
erated from equal amounts of total RNA obtained from
kidney tissue of LPS/HSA-treated sIgM deficient and wild-
type mice, no difference was found in the amount of C3
mRNA (data not shown). To apply a more sensitive method,
fluorogenic quantitative real-time PCR was chosen to assess
C3 mRNA levels (Fig. 4b). C3 expression was calculated by
the 2–DDCT method nomalized to the highly expressed house-
keeping gene GAPDH, relative to C3 expression of untreated
animals of the corresponding genotype. Significant increase
of C3 expression was found between untreated and LPS/
HSA-treated mice (in sIgM-deficient mice a 19·5 � 8 and
in wild-type mice a 6·2 � 2-fold increase normalized to
GAPDH expression), whereas no statistical difference in C3
expression could be detected between both LPS/HSA-treated
groups (Fig. 4b).

Apoptotic DNA fragmentation in glomerular cells and
pro-apoptotic molecules

Visualization of nuclei of apoptotic cells by the Apoptag in
situ apoptosis detection kit showed more apoptotic nuclei in
LPS/HAS-treated wild-type animals compared to LPS/HSA-
treated sIgM-deficient mice (sIgM-deficient mice 0·9 � 0·2
apoptotic nuclei/mm2, wild-type mice 3·1 � 1·1 apoptotic
nuclei/mm2). When apoptotic cells were detected, they were
found predominantly within the glomeruli and not in the
tubulo-interstitial compartment. Accordingly, increased
glomerular expression of FasL (Fig. 2i,j), Fas and caspase 3
(Fig. 3i–n) was found in LPS/HSA-treated wild-type mice by
immunohistochemistry and immunofluorescence, com-
pared to LPS/HSA-treated sIgM-deficient mice, and no sign
of apoptosis was detected in renal tissue of untreated mice
(data not shown).

Discussion

The role of IgM antibodies in the pathophysiology of IC–GN
induced by repeated treatment with LPS and HSA for
6 weeks was investigated in mice deficient in the production
of sIgM, but capable of expressing surface IgM and IgD and
secreting other classes of immunoglobulins. The size of the
glomeruli, the number of glomeruli per renal cross-section
and glomerular cellularity in LPS/HSA-treated sIgM-
deficient and wild-type mice did not differ statistically sig-
nificantly from untreated mice, but urine analysis showed
increased levels of protein and creatinine in both LPS/HSA-
treated groups compared to untreated mice. In LPS/HSA-
treated sIgM-deficient mice, C3 and IgG antibody could bind
to the Bowman’s capsule and tubular basement membrane

(a)

(b)

Fig. 4. (a) Sodium dodecyl sulphate-polyacrylamide gel

electrophoresis of 24-h urine samples of secreted IgM (sIgM)-

deficient and wild-type animals after 6 weeks of lipopolysaccharide/

horse spleen apoferritin (LPS/HSA) treatment. � 30 kDa low

molecular weight protein was found in urine samples of

LPS/HSA-treated sIgM-deficient mice (lanes 4, 5, 6), but not in the

urine of wild-type animals (lanes 1, 2, 3). (b) Quantitative fluorogenic

reverse transcription–polymerase chain reaction of mC3. C3

expression is increased significantly in LPS/HSA treated animals (box

plots) compared to untreated animals of each experimental group. C3

expression was calculated by the 2–DDCT-method normalized to the

highly expressed housekeeping gene glyceraldehyde-3-phosphate

dehydrogenase, relative to C3 expression of untreated animals of the

corresponding genotype. Significant increase of C3 expression was

found between untreated and treated animals, whereas no statistically

significant difference in C3 expression could be detected between both

LPS/HAS-treated groups. Statistical significance P is based on the

Mann–Whitney U-test.
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and to the mesangium. In LPS/HSA-treated wild-type mice,
in contrast, C3 and IgM/IgG antibodies were found excep-
tionally on the mesangium. Interestingly, IgM has no effect
on the glomerulus in this model of experimental IC–GN,
where LPS can bind to natural IgM antibodies and where
repeated treatment of mice with LPS/HSA induces specific
IgM and IgG antibodies for LPS and HSA [17,18,24,27].
Immune deposits form when anti-LPS/HSA antibodies bind
specifically to soluble LPS/HSA that become localized in the
glomerulus and, dependent upon the position where ICs
precipitate, they can disrupt the glomerular architecture by
activating the complement pathway and recruit leucocytes.
Complement present within the ICs can function as a media-
tor linking antibody deposition with glomerular dysfunction
and tissue injury, but can also influence glomerular handling
of IC by changing its physiochemical characteristics [28,29].
Previous work using LPS/HSA-treated complement C3-, C4-
and C5-deficient mice showed no apparent difference in
glomerular injury when compared to wild-type mice, but a
mechanism was described as to how a primary glomerular
process could progress to involve the tubulo-interstitial
compartment in a complement-dependent manner
[12–14,30,31]. In the initial phase of GN, the complement
source is the circulation as the amount of complement
mRNA detected in healthy kidney, with the exception of C4,
is low. During the course of glomerular injury a variety of
cytokines are expressed by mesangial cells or infiltrating leu-
cocytes to induce complement production locally within the
glomeruli [32]. Cytokines can also gain access to the epithe-
lium of the Bowman’s capsule and to the proximal tubular
epithelium via the glomerular filtrate, inducing local
complement production within the tubulo-interstitial
compartment [32]. Furthermore, complement-dependent
damage to glomerular, tubular or interstitial cells can cause
exposure of previously hidden cell membrane antigens
and binding of ‘natural antibodies’, predominantly of the
strongly complement-activating IgM isotype, leading to
additional propagation of the classical complement pathway
[4,5]. It has already been shown that this translocation of
local C3 production from the glomeruli into kidney intersti-
tium has a serious impact on disease outcome of progressive
IC–GN [29,30]. Once C3 is present in the interstitium, the
ammonia content of the interstitium can result in the for-
mation of NH3·C3, an effective convertase; during cell injury,
proximal tubular epithelial cells become alternative pathway
activators [14,31,33]. Experiments on sIgM-deficient mice
helped to identify the specific role of IgM antibodies in this
complex scenario. LPS/HSA-treated sIgM-deficient mice in
our model showed strong C3 staining of the basement mem-
brane of proximal tubules and interstitial CD11b+ macroph-
ages, and in the urine a 30 kDa low molecular weight protein
was found, reflecting chronic dysfunction of the proximal
renal tubuli. In contrast, LPS/HSA-treated wild-type mice
showed less interstitial C3 staining, although whole kidney
C3 mRNA quantified by real-time RT–PCR was comparable

between the two experimental groups. Furthermore, fewer
CD11b+ macrophages were found in the tubulo-interstitial
compartment of LPS/HSA-treated wild-type mice, and no
low molecular weight protein appeared in the urine. These
infiltrating CD11b+ macrophages can bind C3 fragment
C3bi, leading to further C3 production by activated mac-
rophages [14,34].

Cell death by apoptosis is an essential physiological
process for the maintenance of normal kidney homeostasis
and for the safe clearance of damaged kidney cells during
resolution of inflammation in the early stage of GN [35,36].
In our model of IC–GN, apoptosis, FasL, Fas and caspase 3
expression were found predominantly in glomerular cells of
LPS/HSA-treated wild-type mice, but not in LPS/HSA-
treated sIgM-deficient mice. The relatively few numbers of
apoptotic cells found in LPS/HSA-treated wild-type mice did
not affect glomerular cellularity. Interstitial cells and tubular
cells of both LPS/HSA-treated groups showed no signs of
apoptosis. These results indicate that sIgM is involved in the
regulation of apoptosis in glomerular cells and glomerular
infiltrating leucocytes, leading to efficient clearance by
macrophages and mesangial cells. When IC–GN progresses
further, tubulo-interstitial apoptosis, interstitial collagen
deposition and myofibroblast transition identified by aSMA
staining occur as signs of progressive fibrosis [29,32,35].

Our results indicate that sIgM can protect the tubulo-
interstitial compartment from LPS- and HSA-induced GN
by preventing early translocation of C3 from the glomerulus
to the tubulo-interstitial tissue, and can propagate apoptosis
in order to maintain clearance. Although IgM is unlikely to
be the sole mediator protecting from interstitial injury
accompanying progressive disease, as C4, C1q, the C3 inhibi-
tor sCR1 and IgG also have an effect, our study can help to
show the complex and fine-tuned interplay between IgM
antibodies and the complement system in the pathophysiol-
ogy of IC–GN.
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